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SUMMARY

A parametric investigation has been made of the pressure

recovery performance of conical diffusers. Geometric variables

examined were area ratio and length to throat diameter ratio.

Throat Mach numbers from near _ncompressible (M t = 0.2) through

choking (M t = 1.0) were studied in combination with throat

blockages B t from 0.03 to 0.12. Inlet Reynolds number Re D

was also included as a variable, and for fixed M t perfor-

mance was measured over a fourfold range in Re D .

The primary results are presented as maps of pressure

recovery performance as a function of diffuser geometry for

fixed sets of inlet conditions. The influences of Bt, M t

and Re D on diffuser performance are discussed.

As in the study of other diffuser types, inlet

blockage is the single most important variable affecting conical

diffuser pressure recovery performance. All other conditions

held constant, a change in B t from 0.03 to 0.12 can result

in a 15 to 20 point drop in pressure recovery. Mach number

and Reynolds number have a le_s pronounced effect on perfor-

mance.

The performance of the conical diffuser and the square

entry, single-plane-divergence diffuser, as measured by their

respective highest recoveries, is almost identical for the

same inlet conditions.

Extension of the experimental data to the design of

diffusers for centrifugal compressors is discussed.

A corollary program was undertaken to determine the

influence of wall shape on the performance of diffusers of

circular cross section. Four diffusers having both bell and

trumpet shapes were tested over the full subsonic Mach

number range and with inlet blockages ranging from 0.03 to

0.12. The pressure recovery of conical, bell and trumpet

shapes is compared for the same inlet conditions. There

is little performance gain to be realized as a consequence

of wall contouring of circular cross-section diffusers.



INTRODUCTI ON

Diffusing passages, in one form or another, have always

played a vital role in obtaining good performance from

turbo-machinery and many other flow devices. For example,

the small, high pressure ratio centrifugal compressor

has undergone extensive development during the last decade.

The efficiency of these centrifugal stages has been steadily

improved by advancing the performance of all of the stage

components. Significant further improvement in efficiency,

however, will only be gained by improving the pressure

reuovery characteristics of the diffusing elements of these

machines (Reference i). _t is axiomatic that the diffusers

of these high pressure ratio centrifugal stages incorporate

multiple parallel diffusing passages. These passages may

be any one of a variety of geometric shapes the choice of

which depends upon the design intent. In some cases, a

particular configuration is dictated by manufacturing costs

or other considerations.

While all diffuser geometries are conceptually simple,

their performance characteristics, whether it be diffuser

static pressure recovery, velocity diffusion, flow unsteadi-

ness, etc., are complicated functions of diffuser geometry,

flow inlet conditions and, in some cases, flow exit

conditions. The selection of an optimum channel diffuser

for a particular task is difficult since it must be chosen

from an almost infinite number of cross sectional shapes

and wall configurationS.

Unfortunately, our analytical tools today are not

sufficient to calculate the optimum performance character-

istics of passage or channel diffusers over the range of

geometries and inlet conditions of interest to the designer.

While the prediction of diffuser performance for some

inlet conditions and geometries has been shown possible,

the performance predicted, in general lies below that of

optimum diffusers. Further, although some analytical

approaches are successful in part in predicting the

optimum geometry for a given class of diffusers, the corre-

lation techniques of necessity must include empirical measure-

ments, e.g. see Reference 2.



Very few diffuser configurations have been investigated

in sufficient detail to permit the selection of an optimum

diffuser. Of the many classes of diffuser shapes possible,

only the pressure recovery performance of the straight-wall,

single-plane-divergence diffuser has been surveyed in

detail as a function of diffuser geometry and flow inlet

variables. Reference 3 reports the final results of such a

study and presents diffuser maps which describe to the

designer how to select optimum performance diffusers (in

terms of pressure recovery) over a wide range of geometric

and flow variables.

A novel centrifugal compressor diffuser employing

conical channel shapes has recently received much attention.

In the literature this diffuser is called the "pipe"

diffuser. This configuration appears to offer advantages

over other diffuser shapes because tolerances and dimensions

can be readily controlled and it is easy to manufacture.

There has been some speculation that the "pipe" geometry

provides diffuser performance better than that obtained with

other channel diffuser shapes. Recent interest has also

been shown in the performance of the basic conical diffuser

shape because turbine exit diffusers for advanced concept

small turbomachinery can be developed around a diffuser

geometry of annular cross-section (Reference 4). The

purpose of the present program was to provide empirical

performance data for a family of conical (and near-conical)

diffusing passages over a sufficiently wide range of

geometric parameters and fluid dynamic inlet conditions to

be able to define the maximum pressure recovery for

this basic diffuser configuration.

The important inlet conditions included for study

were the range of throat Mach numbers from near incompressible

flow to throat choke. Inlet flow blockage and throat

Reynolds numbers germane to current small centrifugal

compressor diffuser designs were used in the program.

The work reported presents the measured pressure recovery

of these conical diffusers in the form of the diffuser

performance maps that display pressure recovery performance

for the conical diffuser as a function of the inlet flow

conditions.
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TECHNICAL APPROACH

The straight-wall, conical diffuser geometry studied

in this program is shown in the figure below.

throat exit

This geometry can be described in terms of two non-

dimensional parameters:

AR = area ratio = diffuser exit area to inlet area ratio

L/D = channel centerline length to channel throat

diameter ratio

A third diffuser geometry variable:

28 = diffuser included divergence angle

is often employed in describing diffuser geometry. Diffuser

divergence angle 28 can be prescribed in terms of AR and L/D
as follows:

/AR-I
tan8 = 2 L/D (i)

The straight-centerline, conical diffuser is geometri-

cally a simpler configuration than other diffusers.

Straight-channel, single-plane-divergence diffusers, reported

in Reference 3, require three non-dimensional parameters to

describe their geometry:



AR = area ratio

L/W = channel centerline length to

throat width ratio

AS = throat aspect ratio

The conical diffuser is equivalent, in effect, to a single

aspect ratio of the single-plane-divergence diffuser family.

As a result, the number of tests required to define the

performance of the entire conical diffuser family is reduced

to the number required for one aspect ratio of the single-

plane-divergence diffuser family.

In defining its characteristics, the diffuser can be

treated as a unit flow component. While the characteristics

of the diffuser component are determined by a large number

of parameters, it is useful for the purposes of this report

to classify these parameters into two general groups:

i)
2)

geometric parameters

inlet flow parameters

For the conical diffuser, the number of separate geo-

metric (non-dimensional) parameters required to define

Group 1 above is two: any combination of area ratio,

dimensionless length, or equivalent cone angle will specify

the diffuser geometry.

The important inlet flow parameters (Group 2) are given

in Table I.

Of the variables in Table I, this study has been limited

to a consideration of Mach number, throat blockage and

Reynolds number. When the inlet velocity profile distribu-

tion into the channel diffuser is nearly uniform and the

flow has thin boundary layers, experiments have shown that

diffuser performance correlates on throat blockage, defined

as

Aeffective

B t = 1 - A (2)
geometric

5



TABLE I - INLET FLOW PARAMETERS

i. Throat blockage

2. Throat Reynolds number

3. Throat Mach number

4. Inlet swirl

5. Inlet flow spatial distortion

a. s tream

b. wall

6. Inlet flow temporal distortion

a. turbulence legel and form

b. pulsations in the bulk flow

c. wake interactions

d. acoustic interactions

Throat blockage is believed to be the most important in-

let parameter affecting conical diffuser performance. Mach

number and Reynolds number were investigated to determine if

the morphology of the pressure recovery performance maps was

significantly altered over the range of diffuser throat

Mach number and Reynolds number anticipated in small centri-

fugal compressors.

Therefore, this study has measured the pressure recovery

characteristics of the conical diffuser over a range of

values of the following independent parameters:

AR = area ratio

L/D = non-dimensional length parameter

B t = inlet blockage

M t = inlet Mach number

Re D = inlet Reynolds number

The experimental p_ogram and procedures structured to do

the foregoing are described next.

EXPERIMENTAL PROGRAM

Discussed in this section are the apparatus and instru-

mentation used in the test program, and the procedures followed



in acquiring, reducing, and presenting the diffuser pressure
recovery data.

Flow Loop and Pressure, Flow and Temperature Control

A closed loop wind tunnel was used to provide and maintain

a flow of clean, dry air to the diffuser test section at con-

trolled pressure and temperature levels. Figure 1 is a

schematic diagram of the loop and its pressure, flow and

temperature controls.

A single stage, screw compressor circulated air around

the loop. Foam filled tanks and Helmholtz branch resonators

were installed on the inlet and discharge piping of the com-

pressQr to minimize the level of pressure fluctuations trans-

mitted to the test section from the compressor. The temperature

of the air leaving the compressor was reduced to approximately

the level of the surroundings in a water-cooled heat exchanger

before being passed to the flow metering nozzle. Following

the heat exchanger, a bypass line and control valve were used

to return cooled, excess air to the compressor inlet.

Makeup air, used to compensate for leaks in the main com-

pressor piping and for initially filling the system, was

provided from an auxiliary compressor. An oil mist filter and

water desiccator were used to reduce oil levels in the makeup

air to less than two parts per million, and to depress the dew

point of the makeup air to about -35°C.

A calibrated flow nozzle was placed just upstream of the

diffuser test section for measuring the flow rate of air

entering the diffusers. The nozzle and its upstream and down-

stream piping and pressure taps were designed in accordance

with standard practice (Reference 5). Calibration of the

nozzle was performed by the Colorado Engineering Experiment

Station, Inc., in June 1971, and again in June 1972 at ex-

tended inlet Reynolds number ranges. The results of these

calibrations are shown in Figure 2 as a plot of nozzle dis-

charge coefficient C d versus nozzle throat Reynolds number Re d .

A least squares curve fitting procedure was used to fit a

third order polynomial expression to the data. The fitted

equation is shown as a solid line through the data points.

The variance of the data from the analytical expression lies

within an uncertainty band of 25 = 0.0017 around the mean line.

7
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A 20.3 cm diameter inlet plenum six diameters in length

was located downstream of the flow meter. A nozzle was used

to accelerate the flow from this plenum to the inlet of the

diffuser test section. The design of the nozzle and the inlet

and diffuser blocks will be discussed in greater detail in the

next section. The diffuser flow passage was terminated by

"dumping" the flow into a downstream plenum or collector, also

20.3 cm in diameter. The discharge dump area ratio varied

from 20 to 160. From this point the flow passed through a

set of control valves and was returned to the inlet of the

main compressor.

The desired throat stagnation pressure Pot was set and

maintained by continuously removing air from the system,

either to the inlet of a vacuum pump or to atmosphere

(depending on the level of Pot ) and by supplying makeup

air through a precision pressure regulator. This regulator

had a rated sensitivity of 0.07 kN/m2 ; i.e. it was designed

to respond to this small a deviation from the set point. In

practice it was found that Pot could be held within this

specification by controlling the makeup air supply rate through

the regulator.

The flow rate of air through the diffuser test section,

and therefore the throat Mach number, was set by manually

adjusting the bypass control valve and the throttle valves

at the outlet of the downstream plenum, while maintaining

a fixed Pot" This combination of controls permitted operation

with diffuser throat stagnation pressures from 54.5 kN/m 2

absolute to 218 kN/m 2 absolute and over the full range of

subsonic diffuser throat Mach numbers from 0.2 to 1.0.

Test Section .and Diffuser Design

The main test section, shown in cross section in Figure 3,

consisted of an inlet nozzle, boundary !ayer growth blocks,

the diffuser assembly and a dump plenum. All compcnents

manufactured for this program were fabricated from aluminum.

Inlet nozzle and boundary layer growth blocks. Available

air pumping capacity and inlet stagnation pressure levels

dictated the use of a 1.27 cm diffuser throat diameter.

i0
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Thus, an inlet nozzle was required to provide an acceleration

of the flow from the 20.3 cm diameter plenum to the 1.27 cm

constant diameter boundary layer growth section. The nozzle

profile was laid out as shown in the sketch below.

_J
U
Lx

L

d

x D-d xy = ( ) _- (--_)sin 2_ _ (3)

The inlet nozzle also contained a support for an axial

traverse probe. A fine mesh wire screen (stainless steel,

square-weave with 0.055 mm wires on 0.125 mm centers) was

placed at the beginning of the nozzle contraction to reduce

the level of turbulence of the inlet flow.

At the exit of the nozzle was a 2.54 cm long block

(1.27 cm diameter flow passage) having a machined circumferen-

tial groove, 0.75 mm deep by 3.2 mm wide. This groove was

provided to promote transition of the boundary layer from

laminar to turbulent flow as it entered the boundary layer

growth section. (A discussion of the effectiveness of this

trip is given beginning on page 103.)

Throat blockage is defined as unity minus the ratio of

the effective flow area to the geometric flow area. For

an axisymmetric passage of diameter D, blockage can be ex-

pressed as a function of the boundary layer displacement ''

thickness 8*:

8" 6*

Bt = 4 5-- (i - 5--) (4)

12



An increase in inlet boundary layer displacement thickness
through the constant diameter inlet section is approximately
proportional to the passage length x,and inversely proportional
to some power of the unit Reynolds number Re :

X

-n

6" _ x(Re x) (5)

So, by adjusting the length of the inlet section, for a

fixed flow rate and Pot' the displacement thickness at the

diffuser throat was controlled to provide the range of throat

blockage values from 0.03 to 0.12.

The boundary layer growth blocks were designed to permit

variations in the length of this section. Five different

combinations of inlet blocks were used, providing a total

inlet length of from one to twelve times the inlet diameter.

The inlet lengths listed in various tables and figures in

this report are the lengths of the constant diameter (1.27

cm) flow passage following the boundary layer trip block.

Conical diffuser design. The diffusers were installed

immediately downstream of the inlet section. All diffusers

were assembl_d from a series of truncated conical sections

of constant divergence angle 28. various ratios of diffuser

length to throat diameter, and so area ratios, were obtained

by assembling appropriate mating conical sections. The

first block in each assembly, called the throat block,

included:a 1.27 cm long constant diameter (1.27 cm) section

which was followed by a sharp entry into the diverging

passage. Table II lists the several diffuser and inlet

geometry combinations tested.

I •

AI_ of the geometry sections were designed and manufactured

to maintain a straight centerline when assembled together.

The final boring operation of the diffusing channel was done

simultaneously on all blocks of a common divergence angle.

This resulted in a smooth transition between adjacent sections

with no detectable step. Radial misalignment was minimized by

having a very tight fit between mating sections. Also,

locating pins were used to ensure that the blocks were

assembled for testing such that their relative positions were
the same as when manufactured. The diffuser and inlet blocks

were joined together by longitudinal tie rods passing through

13



the walls of the blocks and terminating in a threaded connection
in the inlet nozzle.

TABLE II - CONICAL DIFFUSER GEOMETRIES AND INLET LENGTHS

Divergence Length to Throat Inlet

Angle Diameter Ratio Lengths

28 L/D (cm)

3 ° 16, 25 1.27,4.45,7.95,12.05,15.55

4 ° 4*, 8, 12, 16, 25 "

6 ° 25 ,'

8 ° 2*, 4, 8, 12, 16 ,'

12 ° 2*, 4, 8, 12 "

16 ° 2*, 4, 8 "

these L/D values used only at Pot = 109 kN/m 2

Static pressure taps (0.3 mm diameter) were drilled

perpendicular to the walls of the diffuser sections, in a

straight line from the throat region to the exit plane.

Four taps were placed in the vicinity of the geometric throat

(two upstream, one at the throat and one downstream). These

taps covered a lengthwise span of 9.5 mm and were used to

help locate the position of the minimum pressure used in

defining the diffuser "throat". The remaining taps in the

diffuser were spaced such that at least six additional wall

pressure readings were available for each L/D tested. At

the diffuser exit, four taps were located around the circum-

ference and 1.0 mm upstream of the true exit plane. All

four taps were read during the testing and the average used

to calculate the exit pressure. The maximum spread among

these four readings was never greater than 0.25% of the mean

value.

14



Axial traverse probe. In addition to the wall taps, a

traversing pressure probe was located along the centerline

of the test section. The probe was made from a 1.27 mm dia-

meter tube (stainless steel, hypodermic grade tubing, 0.2 mm

wall thickness) one meter in length. Two 0.33 mm holes

were drilled into the tube wall with an axial spacing

between the holes of 20 cm. A plug was located in the tube

between holes. This probe could be traversed over a 25 cm

range and, by selecting either of the two pressure taps in

the tube, the static pressure was measured at the channel

centerline over a span some 45 cm in length. The axial

location of the holes relative to a fixed point in the flow

channel, e.g. the diffuser throat, could be determined to an

accuracy of 0.13 mm. The probe was accurately centered in

the flow passage by means of support spiders in the upstream

and downstream plenums. An axial tensioning system was used

to minimize the deflection of the tube, such as might be

caused by vibrations, over its unsupported length.

For each test run, the probe was traversed in the vicinity

of the geometric throat in order to locate the minimum

pressure. This minimum pressure location was then defined as

the aerodynamic throat. Additional measurements were made

with the traverse probe (at the beginning of the program) of

the pressure profile from the inlet section and on through

the diffuser.

Discharg e plenum. The flow from the diffusers was

"dumped" into a 20.3 cm diameter discharge plenum chamber.

This chamber was bolted tightly to the final diffuser block

and, by means of a flexible coupling, was fixed to the

downstream piping.

Non-conical diffuser design. Several diffusers were

tested in this program which, though circular in cross-section,

were of a non-conical area schedule. Two general classes of

these non-conicals were examined: trumpet-shape and bell-

shape. The area ratio variation for these diffusers closely

follows the practice adopted by Carlson, et al (Reference 6)

in their investigation of two dimensional diffusers.

x x

AR(x) -- 1 + (AR-I) _ [i + e (i- _)] (6)

15



The sketch below shows the general wall shapes produced by
this relationship.

e > 0, bell-shape
< 0, trumpet shape

_ e = 0,

O L

conical

In Equation (6), AR is the area ratio defined by the square
of the ratio of exit and inlet diameters, and _ is a geometry
parameter defining the general wall shape. For the present
study, this parameter was chosen as + 1.0 for the bell shapes
and - 1.0 for the trumpets. All of the conicals tested have

e = 0, by definition.

Within each general class, two non-conicals were fabri-

cated and tested. The area ratios selected corresponded to

those for a conical diffuser of 28 = 6 ° and for L/D = 8 and

12, resulting in area ratios of 3.4 and 5.1, respectively.

These four diffusers were tested at a single throat total

pressure level (Pot = 109 kN/m 2 absolute) and over the full

range of subsonic Mach numbers and throat blockages from

0.03 to 0.12.

Instrumentation

Following is a discussion of the instruments used for

measuring the data needed to calculate the diffuser perfor-

mance variables. Also presented is their method of use and

calibration and an estimate of their uncertainty, where

appropriate.

16



Temperature measurements. Dial type, insertion stem

thermometers were used to measure the temperature of the air

at the inlet to the flow meter and again in the plenum upstream

of the test section.

The temperature of the air leaving the compressor was con-

trolled such that it approached the ambient temperature in the

test laboratory. By controlling the air temperature in this

fashion, heat transfer to or from the surroundings had a

minimal effect on the temperature of the flow loop. As a

result, indicated temperatures in the loop were always

within + 2°C of room temperature which was measured with a

secondary standard mercury thermometer.

This laboratory standard thermometer was checked at the

ice and boiling points of water and was found to repeatedly

correctly indicate these temperatures. The dial-stem thermo -

meters were calibrated against this standard over the narrow

range of expected ambient conditions (15°C to 25°C) and were

found to differ from the standard by less than + 1.5°C at any

point. Consequently, all temperature measurements were

recorded directly from the dial thermometers since the

indicated errors were small in relation to the absolute

temperature levels.

Pressure measurements. During the testing program, all

pressure data (except atmospheric pressure) that were used to

calculate diffuser performance were measured with calibrated

transducers. Two transducers were of the strain gauge type

with differential pressure ranges of + 17.3 kN/m 2 and + 138

kN/m2. The third transducer was a sensitive, variable

reluctance unit with a differential range of + 3.45 kN/m 2.

The output from these transducers was recorded on a digital

millivoltmeter with resolution to i0 microvolts.

A mercurial barometer was used for measuring atmospheric

pressure as a reference data point at the beginning of each

testing sequence.

Due to the great number of pressure taps in place in

the diffusers and through the flow loop (as many as 40 for

some configurations) a system of wafer-type pneumatic switches

was employed to facilitate routing of the pressures to any

of the three transducers. This system also permitted

referencing each pressure against either atmospheric pressure or

17



the inlet plenum pressure. The differential pressure across
the flow meter was read directly without referencing to a third
pressure, to minimize errors. Final recorded data were always
measured on the most sensitive transducer for which the range
of the transducer was not exceeded. As a check, the same
pressure was sometimes recorded on the transducer with the
next higher sensitivitD and the results compared.

A combination of water and mercury manometers were utilized
for calibrating the pressure transducers and for checking the
calibrations over the course of the program. Miscellaneous
pressure gauges were used to assist in setting flow conditions
and for monitoring the operation of the main compressor. No

final data were recorded from any of these gauges.

Barometer calibration. The barometer used had a vernier

scale which permitted readings as small as 0.1 mm of mercury.

Atmospheric pressures recorded on this instrument were checked

against the readings with similar barometers at Dartmouth

College and at the U. S. Army Cold Regions Research and

Engineering Laboratory, both located in Hanover, N. H. After

suitable corrections for altitude differences, the three

instruments agreed to within 0.5 mm of mercury, and this has

been used as the uncertainty (at 20:1 odds) in the observed

barometric pressure.

Transducer calibration. The three pressure transducers

were each calibrated several times during the course of the

test program, and were checked from time to time to ensure that

they were following the prescribed calibration curves.

For calibration purposes, the standards used were water

and mercury manometers. These were considered to be secondary

standards with probable uncertainties (consisting primarily

of a capillary error, see Reference 7) of 3.0 mm of water

and 2.0 mm of mercury, respectively.

The digital voltmeter used was calibrated by an outside

laboratory and certified to be within the manufacturers

specifications, 0.05% of reading, plus or minus i0 micro-

volts. This calibration is traceable to the National Bureau

of Standards.

A typical calibration involved the application of a

differential pressure to the transducer and to the appropriate

18



reference manometer simultaneously• The transducer excitation
voltage was set by adjusting a bridge resistance and all future
uses of the transducer were referenced to this excitation level.
Output voltage and manometer deflection and temperature were
recorded at each calibration point. Both positive and negative
differentials were applied with as many as 50 readings con-
stituting a calibration. These data were reduced and a straight
line fit applied, using a least squares method. The calibration
data were compared to the resultant expression in order to
calculate the variance of the data and to assign an uncertainty
to the fitted expressed. The total uncertainties for each
transducer calibration (including manometer and voltmeter errors)
are listed in Table III.

TABLE III- ESTIMATED UNCERTAINTY BAND FOR TRANSDUCERS

EMPLOYED IN TEST PROGRAM

Transducer Range Total Uncertainty

(kN/m2) (kN/m 2 )

Low Range 0.5 - 3.5 0.033

Medium Range 3.5 - 17,0 0.039

High Range 17.0 - 130.0 0.38

These instrument errors were used to estimate the uncertainty

in the reported primary experimental data.

Data Acquisition

The methods of acquiring diffuser performance data are

best understood by discussing the procedures followed in the

test program:

• The desired inlet and diffuser geometry was

assembled and installed in the test section.

All pressure taps from the diffuser were connected

to the appropriate locations in the pneumatic

switching system.

2. After closing up the test section, the loop was

evacuated and then repressurized with dried, oil-
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2O

o

•

•

6,

free air from the makeup compressor. At this

point the test section was checked for leaks;

from the flow meter through the discharge plenum

a leak-tight condition was maintained. The main

compressor was brought on line and the desired

throat total pressure Pot set by means of the

pressure control system.

While Pot was being controlled, the flow rate was

set to give the desired throat Mach number M t,

This was determined by monitoring and adjusting

to a predetermined level the static pressure level

(for fixed Pot ) just upstream of the diffuser

geometric throat. Using this approach, it was

possible to set M t, as measured by the traverse

tube static pressure, very close to the specified

values of 0.2, 0.4, 0.6, 0.8 and 1.0.

After the system had reached equilibrium (Pot and

Tot steady and M t set as desired) all data were

recorded on a standard format. The axial pressure

probe was traversed to determine the minimum pressure.

The location and indicated pressure of the traverse

tube then defined the aerodynamic "throat" conditions.

Following the recording of the data, the operator

changed the flow rate to achieve a new M t while

maintaining Pot constant and step 4 was repeated

until all five M t values had been run. These five

tests constituted a "run" and the data were reduced

as a set.

The next step in the testing procedure involved

changing Pot (to change inlet Reynolds number) and

repeating steps 3, 4 and 5. In all, three Pot

levels were used, resulting in 15 data points for

pressure recovery for each combination of inlet

and diffuser geometry. Table IV lists the Reynolds

number for each Pot and M t combination.



o When all tests for the particular geometry were

completed, the loop was shut down and the geometry

changed. Five different inlet configurations were

used, in combination with twenty diffuser geometries.

These various geometry and flow combinations resulted

in some 1100 data points, excluding repeat runs.

In addition, wall static pressure readings were measured

and recorded for each test run. This information was

collected mainly as a check on the operation of the loop and

only in a few cases have pressure profiles been reduced and

plotted from the raw data.

TABLE IV - DIFFUSER THROAT REYNOLDS NUMBER

Throat Total Throat Mach Throat Reynolds

Pressure Number Number

Pot Mt ReD

54.5 kN/m 2

109 kN/m 2

218 kN/m2

0.2 30,000

0.4 57,000

0.6 78,000

0.8 93,000

1.0 101,000

0.2 60,000

0.4 114,000

0.6 156,000

0.8 186,000

1.0 202,000

0.2 120,000

0.4 227,000

0.6 312,000

0.8 371,000

1.0 404,000
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The data needed to determine diffuser pressure recovery

performance were the barometric pressure, stagnation pressure

and temperature in the inlet plenu_ and throat and exit plane

static pressures. To determine throat blockage, the tempera-

ture and pressure at the flow meter inlet and flow meter

differential were required.

Data Reduction

The results of this test program are presented in terms

of the measured pressure recovery C for fixed throat Mach
P

number M t, blockage B t, and inlet Reynolds number Re D .

Static pressure recovery. The static pressure recovery

coefficient is defined as the increase in measured static

pressure between the throat and exit plane, divided by the

total dynamic head at the throat.

Pe - Pt
C = (7)

P Pot - Pt

In this study, Pe was measured on the wall at the exit plane

and Pt is measured along the diffuser centerline, and is the

minimum pressure recorded in the vicinity of the geometric

throat. Throat total pressure, Pot' is measured as the total

pressure in the upstream plenum; i.e. an isentropic core

flow is assumed to exist from the inlet plenum to the throat.

Throat Mach number.

lated from the measured throat static and total pressures,

again assuming an isentropic core flow from the inlet to

the throat.

The throat Mach number was calcu-

k-i

Pot) k

For all data reported in this study, the diffuser throat

location is defined as the point of minimum pressure in the

region of the geometric throat, as determined from the tra-

verse pressure probe measurements.

(8)
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Throat blockage. Blockage at the diffuser throat is de-

fined in terms of the ratio of the actual mass flow through the

diffuser throat to the ideal, one-dimensional flow for a

passage with the same geometric area, throat stagnation

temperature and pressure and measured throat static pressure.

mactual
B = 1 - (9)

mideal

The actual mass flow, mactual' is measured with the calibrated

flow meter upstream of the test section. The ideal mass flow,

mideal' is calculated from one-dimensional, isentropic flow

considerations:

mideal = _ Pot At

Tot

M t

(i+_ Mt2)

k+l

2 (k-l)

(i0)

Throat Reynolds number.

number is defined by

The diffuser throat Reynolds

VD

Re D

where:

V is the throat core velocity

D is the diameter of the throat

v is the fluid kinematic viscosity at the throat

conditions.

(ii)

The throat core velocity is calculated from the previously

determined throat Mach number:

M t

V = 4 kRTot (12)
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Calculated pressure.recovery coefficient. A second diffuser

performance parameter was also determined and given the name

"calculated" pressure recovery C to distinguish it from the
pc

measured performance C
p"

Pe - Pt
C - _ (13)

pc Pot - Pt

where :

Pot is a "mass-averaged" throat stagnation pressure;

i.e. the throat stagnation pressure which would

have to exist given the measured mass flow (_actual)

and throat static pressure and stagnation

temperature and throat geometric area.

The ratio of the calculated to measured pressure recovery

coefficients is very closely given by the expression

C
pc = 1
C 2

p (1 -B t)

(14)

with only a small compressibility factor error. A more

detailed derivation of C is found in Appendix A along with
pc

a graphical relationship among Cp, Cpc, B t and M t. All of the

data are reported in terms of the measured pressure recovery

coefficient; however, given the measured blockage values, a

simple conversion can be made, if desired.

Data Processing

Because of the large amount of data generated in this

program, a routine procedure was adopted for processing the

data from the "raw" form all the way through to the plotting

of the final performance maps.

A digital computer was used in the first stage of this

procedure to calculate throat Mach number, the actual and

ideal mass flow rates, throat blockage, the measured and

calculated pressure recovery coefficients and throat Reynolds
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number. The computer printout from a typical run is shown in

Figure 4.

The remaining steps in the data reduction process involve

plotting, tabulating, and cross-plotting of the reduced per-

formance data in the following sequence:

i. Pressure recovery C is plotted as a function of
P

throat Mach number for fixed inlet and diffuser

geometries (Figure 5). All measured blockage

data for a fixed inlet length and Reynolds number

(combination of Pot and M t) are averaged together.

The averaged B t vs M t data are shown in Figures 6,

7 and 8. Further discussion of the handling and

interpretation of the blockage data and interpolation

of the B t vs M t curve is found in Appendix B.

2. Values of Cp at M t = 0.2, 0.4, 0.6, 0.8 and 1.0

are tabulated from the plots, for constant inlet

length and diffuser geometry and fixed Pot" From

the averaged values of B t vs M t, throat blockages

at the five M t levels are tabulated.

3. Cross-plots of Cp vs B t are made for each diffuser

geometry combination (2% and L/D), throat Mach

number and inlet Reynolds number. From these curves,

Cp values are tabulated at throat blockages, B t =

0.03, 0.06, 0.09 and 0.12. Figure 9 shows C vs
P

B t curves for two diffuser geometries at identical

inlet conditions.

• Using the tabulated C values, cross-plots of C
p p

vs divergence angle 2e and C vs length to throat
P

diameter ratio L/D are made for constant inlet

conditions of Mt, B t and Re D . Typical examples of

these geometry cross plots are shown in Figures i0

and Ii.
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CONICAl. DIFFUSER STUDY

IQ

II•

ZlZ•

DIFFUSER GEOMETRY
1) DOUBLE ANGLE " 8 DEGREES
2) L/D RATIO = 16

3) BLOCKAGE LENGTH w 1•27 CM
4) AREA RATIO - 10.577

HIGH LEVEL REYNOLDS NUMBER TESTS

SUMMARY OF REDUCED DATA FOR 8/

C_"400.000 t Mml)

15/ 72

NOS. M M MACH NO. BLOCK CP-I CP-2 REY NO.
A T MEA$ CALC

(KG/SEC)

IIiIImIIIIIIIIIIImIIIIIIIIIIIIIl IiIiIiIIi IIIIIIIIiII I

• 2 *021 .0218 .201 .036 •783 •841 121510.

•4 .0395 *0404 .399 .024 .776 -816 229059*

• 6 •0516 .0537 .59 -039 .769 .835 312582•

• 8 -0594 .0619 .789 .04 .76 .828 373872°

1 •0624 °0645 1.002 .033 .763 .819 406888.

81603.

81603.

81603.

81603.

81603-

3000
3001
3002

3003
3004

3005
3006
3007
3008

3009
3010

DATA
DATA
DATA

DATA
DATA

DATA
DATA
DATA

DATA
DATA
DATA

5,2,8, 15,72,31•6
81603.,.2s71,65,70,29.504, 19.15,2,57.47,3

18.83,2,-14.31, 1,-39o99,-39.9,-39o99,-39o99,3
81603.,.4*71,64-5,70,29.504,19.6,2,15.19,1
18 •83, 2,'3.6, 2,-12• 01,-i 2.02*" 12,- 12• 01,1

81603.* .6,71,64•5,69,29.504,20•48,2,25•77, 1
18 •82, 2,-7.26, 2, -25.04*-24.96,'24•98,-25.01, 11
81603•*.8,71,66,69,29.504,21 •06, 2,34.25, 1

18.86.2.-11.69,2,-2-8,'2•8,-2.8s-2.8,2
81603.* Is7 1s66,69,29.504,21.29,2,37.83, 1
18.85,2,-|6•4,2,-3.88,'3.88,-3.88,-3.87,2

Figure 4 - Computer output from Typical Test
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. Finally, tabulations are made from the C vs 28
P

and C vs L/D curves for plotting of the conical
P

diffuser perfomance "maps". These maps show

contours of constant C drawn on a plot of
P

diffuser geometr_ and they form the heart of the

results of this program. On the average, each map

contains about 50 data points.

Experimental Uncertainty

In any study of this nature, the "accuracy" of the

reported data can be as important to the user as the quoted

absolute values. This is particularly true when the results

of primary interest, i.e. C , are strongly affected by some
P

independent parameter, such as throat blockage. The analysis
here reviews the definitions of uncertainty for the variables

of major interest. For a more complete discussion see

Reference 3.

The uncertainties in pressure recovery, throat Mach

number, Reynolds number and blockage (each expressed as a

fraction of the absolute value) are presented below.

iIcpcpi]2 < ot-pt>2L' j1+
A(Pot - Pe )

k-i

AMt 1 .Pot. k A (Pot/Pt)

-_t = kMt2 (P--_) Pot/Pt

2 l/2

(15)

(16)
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(17)

BtitI[ a 2E 2112= + A? i (18)
-_t B_t me mi

Four additional definitions are required in order to solve for

the uncertainty in these primary quantities.

potptIE ipot]2Pot/Pt = (I Pt (Po--_ +

A (Pot-Pt)
(Pot-i) ( )

Pt Pot-Pt
2 1 1/2

(19)

2

APatm +

Patm A (Pot-Patm) 2 IiPo_ ---Pat----_1

/2

(20)

IEcDj2[.a = +

ma 1 ATinlet 12 Tinle t 122 A (Pinlet-Patm)
+ +

Pinlet- Patm

1/2

(21)
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APot

Pot

1/2

(22)

The estimated uncertainty for several of these secondary
quantities above are fixed (or very small) and are listed
below.

ACD ATinle t ATot
-- = 0.0043; = -- = 0.0057

C D Tinle t To t

AA t APat m
--= 0;

At Patm

= 0.00065

The remaining uncertainties in Equations 15 through 22

are solely dependent upon which of the three pressure transducers

was used to make the particular measurement.

In Table V are estimated values of uncertainty in M t,

Re D , and B t for the three pressure levels Pot used. The

uncertainty in C for the range of C values attained at the
P P

given inlet conditions is also tabulated. These estimates

are based on the uncertainty values assigned to each trans-

ducer (Table III) and the miscellaneous uncertainties listed

above.

RESULTS AND DISCUSSION

The principal result of this program is the measured

conical diffuser pressure recovery performance, Cp. These

data are presented in summarized form, Figures 12-71, as

performance maps for the conical diffusers. The maps display the
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pressure recovery as a function of the non-dimensional geometry

parameters and the inlet parameters. They show contours of

constant pressure recovery C on a geometry map which relates
P

area ratio AR, length to throat diameter ratio L/D and diver-

gence angle 28. Each map is drawn for one combination of

inlet flow variables, Mach number Mt, throat blockage Bt, and

inlet Reynolds number Re D .

The maps are grouped together such that the first twenty

maps (Figures 12-31) cover the Mach number and blockage combina-

tions for the lowest Reynolds number data (Re D = I01,000 at

M t = 1.0). Similarly, Figures 32-51 cover the middle Reynolds

number range (Re D = 202,000 at M t = 1.0) and Figures 52-71

show the high Reynolds number data (Re D = 404,000 at M t = 1.0).

The data are presented for four values of throat blockage

(B t = 0.03, 0.06, 0.09, and 0.12) and five values of throat

Mach number (M t = 0.2, 0.4, 0.6, 0.8 and 1.0). Within each

group, the maps are arranged so that four tabulated B t values

appear together at one M t, and then another set of four B t

values at the next higher M t until all five M t values are

covered. Figure 75 may be used to determine if the boundary

layer at the throat is laminar or turbulent for a particular

combination of B t, M t and Pot.

The three groups of maps cover the range of Mach number

and throat blockage surveyed in this study over a range of

Reynolds number differing by a factor of four at each Mach

number. These data thus permit a separate evaluation of

Reynolds number and Mach number effects on conical diffuser

performance, within the range of values of Reynolds numbers

studied.

Effect of Geometry on Performance

All 60 performance maps display very similar character-

istics. The maximum pressure recovery (highest value of

pressure recovery Cp, for each map) occurs in the upper right

hand corner of the map. For each map this occurs at the

highest value of length to throat diameter ratio studied

(L/D = 25). Divergence angle corresponding to maximum recovery

is on the order of 28 = 3.5 ° to 5 ° .
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In at least one case (M t = 0.4, B t = 0.12, Re D = 57,000,

Figure 19) the actual maximum recovery (i.e. the highest

value of pressure recovery that will be found anywhere in

the AR - L/D domain) has been found. Since all maps are

very similar, we suspect that the highest values of C
P

shown on each map are very close to the maximum recovery

that will be found for each set of inlet conditions.

Along the ridge of optimum recovery (see Reference 8 for

definition of optimum recovery ridge) the increase in C
P

above L/D = 16 is small, being no more than 2 to 3 points in

recovery (0.02 to 0.03) from L/D = 16 to L/D = 25. Above

the ridge,the slope of the recovery hill is precipitous. A

small increase in AR (2B) produces a rapid reduction in Cp.

A typical "cut" through the pressure recovery map displaying

this behavior is shown in Figure 72 for M t = 0.6, B t = 0.12,
L/D = 6.

Above the ridge of optimum recovery the C contours tend
P

to be parallel to lines of constant 28. Thereforerin this

region diffusers of constant divergence angle 2% have almost

constant performance over a wide range of diffuser geometries

(i.e. combinations of AR and L/D corresponding to constant

2e) .

Effect of Inlet Parameters on Performance

Throat blockage. Of the three inlet parameters investi-

gated in this program, throat blockage B t has by far the

largest effect on the level of performance in conical

diffusers. For fixed M t and Re D , diffuser performance can

decrease by as much as 20 points at an off optimum geometry

over the range of blockage values 0.03 to 0.12. This effect

can be seen in the cross-plot of Figure 9, or by comparing any

group of four performance maps having the same M t and Re D .

For the same M t and Re D the decrease in maximum Cp

may not be as great, being 15 to 18 points over the range of

B t = 0.03 to 0.12.
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A more subtle effect of blockage than the decrease in

recovery at fixed geometry is the change in the general shape

of the Cp contours as blockage is changed. When blockage is

increased, the ridge of optimum recovery tends to move to

smaller divergence angles 2e at constant L/D. Thus, in all

of the maps presented, the maximum Cp geometry moves to

smaller values of 28 at L/D _ 25.

Throat Mach number and Reynolds number. For the conical

diffusers, the effects of inlet Mach number M t and Reynolds

number Re D are much less pronounced than the influence of

blockage.

Figure 73 shows the variation in peak recovery as a

function of M t and Re D . The cross hatched curves in this

figure cover the full range of Reynolds numbers for the data

of this study. The maximum C changes only slightl_ on-the
P

order of 1 to 2 points in most cases, with Reynolds number

at constant M t. The variation with Mach number at constant

Re D is of the same order of magnitude.

For a fixed diffuser geometry, a variation with Mach

number may be more pronounced than shown in Figure'73, de-

pending upon the geometry and blockage chosen. Figure 74

displays the pressure recovery as a function of Re D for a

fixed geometry near the maximum pressure recovery (L/D = 25,

28 = 5 °) for constant values of B t = 0.03 and 0.12 with M t

as a variable. At low Reynolds number, the variation in C
P

may approach 6 to 7points, although the variation is less

with Mach number at higher Reynolds numbers.

Effect of Inlet Boundary Layer Condition on Pressure

Recovery Performance

A "best estimate" of the inlet boundary layer condition

(laminar or turbulent) at the throat of the diffuser has been

made using the experimental blockage data and calculations

of boundary layer growth in Appendix B. This is important
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since a laminar boundary layer at the diffuser inlet may produce

a different pressure recovery performance in a given diffuser

than would be obtained with a turbulent boundary layer at the

same values of Reynolds number, blockage and Mach number.

Due to the large velocity gradients in the inlet nozzle,

the boundary layers at the beginning of the constant diameter

(1.27 cm) boundary layer growth section are laminar (see

Reference 9 for a discussion of this laminarizing process).

For a fixed inlet flow condition (Pot' Mr' Tot) the transition

of the boundary layer is primarily dependent upon the flow

channel length, i.e. transition is assumed to occur where

some critical length Reynolds number Recrit is reached:

XcritV

Recrit = 9 (23)

Now, since throat blockage B t was varied by using different

lengths of inlet channel, it is conceivable that for long in-

let channels, the boundary layer would undergo a transition

from laminar to_turbulent flow. But for shorter channel

lengths the boundary layer at the throat would still be

laminar, given the same Pot' Tot and M t conditions.

Diffuser throat blockage can be expressed as a function

of the displacement thickness 6" (Equation 4) which in turn is

a function of boundary layer development length x and length

Reynolds number (Equation 5).

Rex (ReD _)xn

In the present case, Re D is a function only of the throa_

pressure level and throat Mach number (Table IV). Thus, we

can generate a correlation among Pot' Bt and M t that shows

for which combinations of these parameters the boundary layer

is expected to be turbulent at the diffuser throat.

6* x/D x/D
Bt = --D = --n = (24)

Using a compressible, laminar and turbulent boundary layer

calculation program with _ transition criterion suggested in
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Reference i0, the correlation shown in Figure 75 was generated.

In this correlation, inlet flows having B t vs M t values lying

below a given Pot line are assumed to have a laminar boundary
i

layer. These Pot lines thus define a transition region. The

correlation shown is unique to this program since the

transition is in part determined by the apparatus, i.e. the

presence of the trip slot, the shape of the inlet nozzle and

the level _ of turbulence in the inlet flow.

We are not certain what the implications are, relative to

diffuser performance, to have a laminar as opposed to turbu-

lent boundary layer at the throat. Howe_er, we can see from

Figure 75 and Table IV that for the Reynolds numbers and

blockages of greatest interest in centrifugal compressor

design,the data presented are for fully developed turbulent

boundary layers at the throat.

Design Applications

The performance maps provided by this program offer the

designer a unique tool for optimizlng centrifugal compressor

performance. 'Performance maps such as these for t_e conical

diffuser (and similar maps for the straigHt,wal_ single-plane-

divergence diffuser_reported in Reference 3) are needed to

optimize diffuser design. Because the fundamental aerodynamics

of the flow in the diffuser is such a strong function of the

geometry as well as inlet conditions, maps covering the

important range o_ these con4itions are required to select

the best among a particular family of diffusers, as well as

between different types of diffusers (e.g. conical vs

single-plane-divergence diffusers). Unless such maps are

available, the arbitrary choice of a diffuser geometry

appears at best a "hit and miss" affair. While boundary

layer/potential flow calculations _an predict performance

of some diffuser configurations, as pointed out in Reference

2, without empirical data the present techniques cannot

now calculate optimum diffusers ....

Faced with this situation, the designers'most logical

approach is tO work 'with a family of diffusers for which

performance maps are available. In _ this way an optimum _

design, to meet specified design constraints, can be adopted

with some assurance. Today, only two diffuser families have

sufficient data to make this _pproach possible. These are the
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conical diffusers studied in this program and the straight-wall,

single-plane-divergence diffusers for which the performance

map data are presented in Reference 3.

The conical performance maps can be compared on a

maximum recovery basis with the data for single-plane-divergence

straight-wall diffusers. The resu!ts are shown in Figures 76

through 80. Here maximum C is shown vs blockage Bt over theP

range of Mach numbers M t from 0.2 to 1.0. In these figures

conical and square diffuser data have been compared, using

data where the inlet Reynolds numbers are as close as possible

for the two families of diffusers. (The Reynolds number values

for the square data are approximately twice the values for the

conical maps_)

In comparing these data, the highest values of C available
P

on each set of performance maps has been taken to be approxi-

mately the value of maximum Cp. Interestingly, this compari-

son shows that over the complete subsonic Mach number range

and blockage values from 0.03 to 0.12, the maximum pressure

recovery for conical and square diffusers is approximately the

same o

However, this does not imply that an optimum geometry of

one type of diffuser can necessarily be replaced by an

optimum diffuser of the other type; the second type of

diffuser may not fit the design constraints imposed by the

application.

Figure 81 displays the situation typical of the design

constraints for a high pressure ratio centrifugal compressor

diffuser. If the channel diffuser centerline is designed to

lie in the radial plane shown, the governing non-dimensional

parameter specifying diffuser performance is L/D. If a

conical diffuser is used, this is the L/D for the conical

geometry as defined in this report. If a single plane

divergence diffuser is employed, L/D corresponds to L/W.

Reference 3 shows that the aspect ratio AS = 1.0 (i.e. square)

diffuser has the potential for the highest maximum recovery

performance among the single-plane-divergence diffuser family.

Assuming the optimum diffuser is being sought, L/D = L/W

for either radial plane or meridional plane divergence.

For the square diffuser the L/W for maximum recovery is about
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18, and for the cone it is 25, although there is only a slight

increase (order of 2 to 3 points) in the conical's recovery

above L/D = 18. The area ratios for which optimum performance

is obtained for each type of diffuser is significantly different,

however. The conical area ratios are much larger than those

for the single-plane-divergence diffuser. However, in

centrifugal compressor design, unless a very large number of

channel diffusers is to be used (which is usually not the case)

area ratio is not critical. Thus, there should be little reason

for selecting one form of diffuser over the other.

Other considerations, however, may weigh in favor of a

conical type design. Ease of manufacture and ability to hold

close dimensional tolerances may make the conical more favor-

able than a single-plane-divergence diffuser.

For some compressor applications, the relatively small

variation in pressure recovery contours with B t and M t on the

performance map for conical diffusers, compared to rather

significant changes for the single-plane-divergence diffusers,

may make the conical a more suitable choice. For example, at

design speed, a channel diffuser may operate with B t = 0.08

and M t = 1.0 at choke conditions, but change to B t _ 0.12 and

M t = 0.6 near surge. The sketch below displays the variation

in performance for both a conical and a square entry, single-

plane-divergence diffuser optimized near the M t = 1.0 flow.

The single-plane-divergence diffuser may lose as much as 7

points or more in recovery between choke and surge while the

conical diffuser would lose only about 4 points. Thu_ a

significant difference in channel diffuser recovery, and hence

compressor stage efficiency, would be obtained between the two

types of diffusers.

Other design problems, such as designing for fixed area

ratio, etc., are adequately discussed in the literature (e.g.

References 8 and ii). The implications of other design

constraints can be readily deduced from the set of diffuser

maps provided from this work.
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Non-Conical Study

Four diffusers having non-conical area schedules were also

tested in this program. As discussed earlier, these non-

conicals fall into the broad categories of trumpet-shapes and

bell-shapes. Pressure recovery and blockage data were measured

over the full range of subsonic inlet Mach numbers at a single

throat total pressure, Pot = 109 kN/m 2. The results of these

special tests are shown in Figures 82 through 89 as plots of

C vs M t-P

Figures 82 through 85 present the results for the

diffusers with a length to throat diameter ratio L/D = 8 and

area ratio AR = 3.4, while Figures 86 through 89 are for the

longer L/D = 12 diffusers with area ratios of 5.1. In each

case, the performance of the non-conicals is compared to the

performance of conical diffusers having the same L/D and AR,

and for the same inlet conditions, M t, B t and Re D.

For the shorter length, the bell-shaped diffuser shows

better performance than either the cone or trumpet at the lower

Mach numbers. As M t is increased, the performance of the bell

decreases, until at M t = 1.0 it is below that of the other

geometries. The trumpet and cone maintain nearly constant C
P

across the range of M t for fixed B t, varying less than 4

points in recovery from minimum to maximum. The differences in

Cp, at any M t, among the three geometries decreases with in-

increasing B t, being less than about 4 points at B t = 0.12.
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In the case of the L/D = 12 diffusers, the bell again shows

a decreasing Cp as Mt is increased. And, as Bt is increased the
level of performance of the bell drops much more rapidly than
for the other diffusers. At Bt = 0.12, the beil demonstrates the

poorest performance at all Mach numbers. Again, the cone and
trumpet exhibit nearly "flat" performance curves, as for
the L/D = 8 data.

r

Other investigators (Reference 4) have made measurements

on various classes of diffusers in which the wall shape has

been varied, but the full performance maps for these generic

types of diffusers are not available. Thus, it is difficult

to know if the changes in performance are the result of an

improved (or poorer, as the case may be) class of diffuser

design or whether they merely reflect a change in the perfor-

mance map contours.

To our knowledge, the only other reasonably detailed

evaluation of the effects of wall shape on subsonic diffuser

performance is that reported by Carlson, et al (Reference 6).

In that program, the pressure recovery performance of two-

dimensional diffusers was measured for a wide range of

geometries, covering the unstalled and stalled flow regimes.

The major conclusions drawn in that program related the

performance of the contoured wall diffusers to the behavior

of the flow.

Although flow behavior was not specifically investigated

in the present program, we can infer the location of the

"stall line" for conical diffusers from their performance maps.

From examination of the maps we see that conical diffusers

having L/D = 8 and 12 and AR = 3.4 and 5.1, respectively, lie

in theunstalled to lightly stalled flow regimes. Then, by

analogy with the two-dimensional work of Carlson, et al, we

can say that the bell and trumpet geometries tested also lie

close to their respective stall lines, the location of the

line beingldetermined in large part by the inlet flow

conditions, particularly blockage.

Several conclusions drawn in thetwo-dimensional study

also apply to the results of the present investigation.

a) The bell-shaped diffuser gives slightly better

performance in unstalled and lightly stalled
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b)

c)

flows than either the straight-wall or trumpet-

shape.

For fully stalled flows (higher Bt and longer

L/D) the highest recovery is attained with the

straight-walls, i.e. the conical diffuser.

There is little advantage, in terms of gains in

pressure recovery, in contouring the walls of

diffusers of circular cross section.

CONCLUSIONS

Pressure recovery performance maps for the conical diffuser

have been presented. These data include a range of diffuser

geometries sufficient to show the ridge of optimum recovery

and to indicate the maximum pressure recovery attainable.

Inlet Mach numbers from incompressible flow (M t = 0.2) to

choke (Mt = 1.0) are surveyed over the range of Reynolds

numbers and inlet blockage of interest to centrifugal compressor

diffuser design.

As in the study of diffusers of other types, inlet

blockage is the most significant parameter controlling diffuser

pressure recovery. Fifteen to twenty points in pressure

recovery can be lost in going from B t - 0.03 to 0.12 for a

given diffuser configuration, all other conditions being held

constant.

Mach number and Reynolds number have a small effect,

compared to blockage effects, on the pressure recovery map

contours.

Conical and single-plane-divergence, plane-wall diffusers

have almost identical pressure recovery performance when

compared on the basis of maximum pressure recovery coefficient

for identical conditions of inlet blockage, throat Mach

number and thraat Reynolds number.

No significant gain in performance is realized as a result

of contouring the walls of the conical diffuser to the bell

and trumpet shapes.
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The results displayed in this report provide a firm base

for the design of conical diffusers and the data should be

applicable to a range of fluid dynamic problems.

128



APPENDIX A

CONVERSION FROM MEASURED PRESSURE RECOVERY TO

CALCULATED PRESSURE RECOVERY

The definitions of measured and calculated pressure

recovery coefficient are given below:

Pe - Pt
C -

pm Pot- Pt

and,

where:

C
pc

Pe - Pt

m

Pot- Pt

C and C are the measured and calculated pressure
pm pc

recovery coefficients, respectively

Pe is the diffuser exit plane static pressure

Pt is the static pressure at the diffuser throat

Pot is the throat total pressure as measured by the
inlet plenum total (static) pressure

Pot is a "mass-averaged" throat total pressure defined

as the total pressure required to pass the actual

mass flow through the given throat geometric

area at a specified total temperature.

Then,

Cpc Pot/Pt - 1

C

_o-Dt/Pt - 1pm

Assuming an isentropic flow:

__ = k-i Mt2 )
Pot (i + --

Pt 2

k

k-i

(25)

(26)

(27)

(28)
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and,

m

__ k-i 2
Pot = (i + -- %
Pt 2

k

k-i

(29)

where:

Mt is the throat center line or maximum Mach number

Mt is a "mass-averaged" throat Mach number.

We can also express the mass flow in terms of Mt and Mt:

{nactual _ Pt (i- Bt) A ktT_t M t _i + k2--!lMt2 (30)

and,

mactual " PtAt k_T_t MtJ 1 + k2---_lMt2 (31)

Equating (30) and (31) and rearranging gives:

. /( 1)2 2 2

Thus it is seen that Mt is a function only of Mt and B t and

so the relation between C and C can be expressed as a
pc pm

function of Mt and B t. Figure 90 shows this relation.

Given the measured performance Cp (Cpm) for a diffuser

with £he throat blockage Bt and centerline (maximum) Mach

number Mt, the calculated pressure recovery coefficient C
pc

may be determined, without the need to present a second

complete set of performance maps.
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APPENDIX B

SPECIAL TREATMENT AND INTERPRETATION

OF BLOCKAGE DATA

Diffuser throat blockage is the single most important

inlet parameter investigated in this program affecting the

performance of the conical diffuser. Consequently, the

blockage data have been carefully examined for accuracy, and

special tests and calculations were performed in order that

the correct interpretations be made when using these results.

The analysis of the blockage data falls into three main

areas:

i) averaging of measured blockage data to obtain

mean values for given inlet conditions,

2) comparing theoretical predictions with measured

performance, and

3) correlating blockage data to determine the nature

of the boundary layer at the throat.

Data Averaging

For all tests in which the diffuser inlet conditions are

similar (Pot' Tot' Mt and geometry) the boundary layer growth,

hence the blockage, is expected to be equal. _ In practice,

instrumentation and operator error can result in some scatter

in the measured variables. Assuming that this scatter is

random in nature (there is no justification for any other

assumption) we can use statistical techniques to determine

the mean values of the blockage data and to say something about

the uncertainty in these mean values.

The measured blockage data for identical inlet conditions

were averaged £o determine a mean value, and the uncertainty

(at 20:1 odds) calculated as twice the standard deviation.

This was done for each combination of the inlet geometry, Pot,

and M t used, and the results are shown in Figures 6, 7 and 8.

Each mean value is the average of some 16 to 25 data points,

depending on the number of diffuser geometries tested and the

number of repeat runs. These blockage data are plotted at the
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mean values of throat Mach number, since the scatter in M t

at each nominal value is small.

The calculated uncertainty intervals are indicated by the

bars around the mean values. As may be seen, the maximum

spread in any of these data is approximately plus or minus 1.5

points in blockage (0.015). In general, the scatter decreases

with increasing M t. This trend is expected, since the two

pressure readings which affect B t to the greatest extent,

flow meter differential and throat pressure referenced to Pot'

increase with M t thereby decreasing the effect of small,

fixed errors.

For the purposes of cross-plotting pressure recovery

as a function of blockage, B t, values were extracted from the

B t vs M t curves at M t = 0.2, 0.4, 0.6, 0.8 and 1.0 for fixed

inlet conditions. In only a few cases was it necessary to

interpolate between M t values to get the average throat blockage,

and the uncertainty from this is assumed to be small since the

interpolabions in M t were very small.

Of greater consequence was the need to extrapolate the

Cp vs B t curves in order to obtain Cp2data at B t = 0.03. For

example, in Figure 6 (Pot = 54.5 kN/m ) the blockage for the

shortest inlet length varies from about 0.075 at M t = 0.2 to

0.05 at M t = 1.0. This means that extrapolations as large

as 4.5 points in blockage were needed at the lowest Mach

numbers. In order to minimize the extent of extrapolation

here, a series of sixteen tests were run to measure perfor-

mance and blockage at Pot _ 54.5 kN/m2, with a modified inlet

geometry. For these tests the boundary layer "trip" block

was removed, and the diffuser throat block was directly coupled

to the discharge of the inlet nozzle. The results of these

tests are shown as the single mean value of B t = 0.0534 at

M t = 0.2.

Fortunately, the trends in Cp vs B t were usually quite

clear and so the uncertainty associated with this extrapolation
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is believed to be small. By drawing several curves through

each set of data for which the extrapolation was questionable,

the "spread" in C at B t = 0.03 was estimated. Using thisP

method, it has been estimated that the maximum uncertainty

in C associated with the extrapolation is plus or minus 0.75
P

points in recovery (0.0075) for the Pot = 54.5 kN/m 2 data.

For the two higher Pot levels (109 and 218 kN/m 2) the spread

is less than plus or minus 0.5 points (0.005) in recovery.

These uncertainties apply only for data at B t = 0.03.

Theoretical Blocka@e Calculations

From the theory of the growth of turbulent boundary layers,

blockage would be expected to decrease with increasing Mach

number (actually increasing Re D with Pot and Tot fixed) for

a constant inlet length. As may be seen in the Cp vs B t

data (Figures 6, 7 and 8) several curves show B t increasing

with M t, counter to the expected trend. Instrumentation errors

were considered as a possible cause for this behavior, but

review of the raw data, transducer calibrations and the data

acquisition procedures eliminated this possibility. If the

problem had been caused by instrumentation errors, the same

general shape would be evident in the B t vs M t curves for all

inlet lengths at the same Pot" The basis for this reasoning

is that the same combination of transducers is used at any

Mach number, independent of inlet length.

The only other plausible explanation for these trends

is that the boundary layer was not always turbulent (or

fully turbulent) at the inlet to the diffusers. That is, for

some combinations of inlet length and Pot' a laminar boundary

layer persists up to the throat of the diffuser at low M t-

And as M t is increased, transition of the boundary layer from

laminar to turbulent flow occurs in the inlet section, resulting

in a higher blockage at the throat, since a turbulent boundary

layer grows faster than a laminar one for the same conditions.
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In order to verify this conclusion, a compressible,

laminar and turbulent boundary layer calculation program was

used to predict the effect of transition on the throat blockage.

Built into this program was a routine for predicting the

onset of boundary layer transition as a function of turbulence

level and pressure gradient. This transition criterion is

based on methods proposed by Dunham (Reference i0).

Figure 91 compares the results of the calculations with

the experimentally determined values of blockage, for

Pot = 54.5 kN/m 2 " Similar results were obtained for calcu-

lations at the other Pot levels. The B t vs M t contours in

Figure 91 all have the same general shape, i.e. B t decreasing

with increasing M t and then an increase in B t when the

boundary layer undergoes transition, followed by a second

region of decreasing B t. For the inlet length of 15.5 cm,

the increase in measured B t over the range of M t = 0.2 to

M t = 0.4 is very pronounced, but is not as evident for the

other lengths. However, because data were taken only at M t

values of 0.2, 0.4, 0.6, 0.8 and 1.0, it is conceivable that

the data spanned this transition point because of the fixed

M t acquisition intervals. This fact is also indicated from

the theoretical B t curves.

To further verify the existence of the "bumps" in the

B t vs M t contours, several special tests were run for the

longest inlet length (15.5 cm), at Pot = 54.5 and 218 kN/m 2

and M t = 0.i, 0.2, 0.3 and 0.4. Three replications were

made for each setup. The results of these tests are shown

in Figure 92, along with the previously shown theoretical

and experimental B t vs M t data. Good agreement is seen

between the theory and the experimental results.

Based on these results, it is obvious that putting a

"best fit" curve through the B t vs M t data would likely lead

to an incorrect interpretation of the blockage data. Thus,

use of these data is limited to the throat Mach number

values at which it was acquired and any attempt to interpolate
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between these points could be misleading.

Interpretation of Data

Another consequence of this inlet boundary layer transi-

tion phenomenon is that the boundary layer at the diffuser

throat is apparently laminar for some cases and turbulent

in others. For those cases in which transition has not

occurred upstream of the geometric throat, the sudden area

change there would promote transition and give a turbulent

boundary layer in the diffusing pasBage. Figure 75 shows the

range of B t vs M t values at which the transition occurs for

the three Pot levels. These curves are based on results from

predictions of boundary layer growth which most nearly

approximated the measured blockage data. It is seen that all

Cp data for which M t is greater than 0.7 are for a turbulent

boundary layer at the diffuser throat.
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APPENDIX C _

SYMBOL S

2
cross-section area', m .

2
"one-dimensional" "flow area, m

throat geometric area, m 2

area ratio = (De/D t) 2

aspect ratio = b/W
s

blockage = 1 - A /A
effective geometric

diffuser depth, m . :

flow nozzle discharge coefficient, _"dimensionless

pressure recovery coefficient = (Pe-Pt)/(pOt-pt )

"calculated" pressure recovery coefficient(eqs.13&26)

"measured" pressure recovery coefficient = C
P

maximum pressure recovery

diameter, m

diameter, m (eq. 3, also flow meter throat diameter)

ratio of specific heats, dimensionless

diffuser centerline length, m

throat Mach number (eq. 8)

measured mass flow = ma' kg/sec

"ideal" mass flow = {n., kg/sec (eq. 10)
1

exponent (eqs. 5 and 24)

static pressure, kN/m 2

atmospheric pressure, kN/m 2

flow nozzle inlet pressure, kN/m 2

stagnation pressure, kN/m 2
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Po

R

Recrit

Re D

Re d

Re
x

Tinlet

T
O

U

V

W

X

X
crit

Y

APnozzle

6*

2@

Subscripts

a

c

e

i

m
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"mass-averaged" stagnation pressure, kN/m 2

(eq.13)

gas constant, J/kg "K

critical transition Reynolds number - XcrltV/9

diffuser throat Reynolds number - DV/9

flow nozzle Reynolds number = dU/_

unit length Reynolds number - xV/9

flow nozzle inlet temperature, UK

_otal-temperature, "K,

flow meter velocity, m/sec

throat centerline "core" velocity, m/see (eq_12}

diffuser width, m

axial distance along flow centeriine, m

axial length at transition, m

coordinate system axis, m (eq. 3)

flow nozzle differential pressure, kN/m 2

shape factor for non-conical diffusers, dlmenJlon _

less (eq. 6)

boundary layer displacement thickness, m

diffuser divergence angle, degrees

fluid kinematic viscosity, m2/sec

3.14159...

standard deviation, dimensionless

actual

calculated

exit

ideal

measured



Q stagnation

throat
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